D eoxyribozymes (DNAzymes) are catalytic DNA molecules that are widely used in the areas of biocomputational logic gates and circuits (DNA computing), 1 programmable materials, 2 ultrasensitive UO 2 2þ and Pb 2þ metal-ion detection, 3, 4 for understanding gene function, and as therapeutics. 5 The most commonly used catalytic oligonucleotide, the "10-23" DNAzyme, consists of a 15-base enzymatic core flanked by two arms and functions as a site-and sequence-specific RNase. 6 Consequently, the 10-23 DNAzyme has been tested as a therapeutic in animal models due to its ability to block translation of tumorigenic genes.
7À11
Gene regulation using DNAzymes is very attractive due to the inherent ease and low cost of synthesis, high selectivity, and significant catalytic efficiency. 12 Moreover, DNAzymes will catalytically inhibit translation in a manner that is independent of RNA interference (RNAi), thus circumventing the need for using a short interfering RNA (siRNA) to hijack the RNA-induced silencing complex. 5 ,7À11 However, modulating gene expression and transitioning this class of functional nucleic acids in vivo will not be possible without solving the issues of cellular delivery and intracellular stability. 12, 13 A wide range of sophisticated chemical modifications to the DNAzyme backbone, its nucleic bases, and the secondary structure of its 5 0 and 3 0 termini increase the intracellular stability of catalytic oligonucleotides to varying degrees, but the challenge of delivery with minimal toxicity is persistent. 14, 15 To address the problem of deploying DNAzymes within cells, we synthesized polyvalent DNAzymeÀgold nanoparticle (DzNP) conjugates to generate a nanozyme ( Figure 1a and Table S1 in Supporting Information). A nanozyme is typically defined as a selfassembled multivalent catalytic particle that functions as a single entity and that generally displays enhanced substrate binding, stability, and, in some cases, higher activity than the individual catalytic subunits. 16 This mechanism of multienzyme complexes is widely employed in Nature. For example, enzymes are assembled at the lipid membrane or arranged by scaffolding proteins to enhance substrate channeling or alter catalytic activity. 17 Herein, we aimed to investigate DzNPs as a model to investigate how spatial B organization and nanoparticle confinement affect the properties of enzymes. The DNAÀgold nanoparticle conjugate is an attractive platform because the structural conformation of immobilized DNA molecules on gold nanoparticles has been well-characterized and due to the novel properties of these assemblies.
18À20
DNAÀgold nanoparticle conjugates are highly stable and have shown successful intracellular gene regulation through antisense and RNAi mechanisms. 21, 22 This is due to their enhanced binding affinities, 23 resistance to nuclease degradation, 24 high cellular uptake, 25 and diminished cellular toxicity 26 when compared to free oligonucleotides. DNAÀgold nanoparticle conjugates also display highly cooperative hybridization with sharp thermal melting curves when hybridized to complementary DNA gold nanoparticles. 27 Consequently, we rationalized that DzNPs would show superior properties as a gene regulation agent in addition to providing a model platform to explore the fundamental role of supramolecular organization in tuning the catalytic efficiency of nanozymes. We report the synthesis and characterization of 10-23 DzNPs and show that these nanozyme assemblies are sensitive to DNA density and orientation and can catalytically regulate intracellular gene expression through site-selective cleavage of target messenger RNA (mRNA). This work demonstrates a facile route to design, deploy, and trigger DNAzymes within cells. Very little is known about the structural conformation of the active catalytic loop of DNAzymes. A crystal structure of an inactive 10-23 DNAzymeÀsubstrate complex was solved and showed a Holliday junction conformation (composed of two DNAzymes and two RNA substrates) with dimensions of 50 Â 40 Â 40 Å. 28 Even though the crystal structure of the active 15-base catalytic loop of the 10-23 DNAzyme is not available, this X-ray structure suggests that severe steric crowding may occur within the context of a high density polyvalent DNA nanoparticle conjugate. Therefore, we sought to determine if the steric environment of an RNA-cleaving DzNP would inhibit catalysis. Previous studies by Lu and co-workers used catalytic RNAcleaving DNAzyme "8-17" to amplify the reporter signal in analytical assays for transition metals. 3, 4, 29, 30 In those systems, the DNAzyme was hybridized to linker strands that bridged the terminal sequences of DNA-functionalized nanoparticles, and therefore, the DNAzymes were separated from the gold core. 3, 4, 29, 30 Recently, 80 nm iron oxide particles functionalized with 1.6 DNAzymes/particle were synthesized for HCV gene regulation; however, it remains unclear how direct DNAzyme conjugation (or general enzyme conjugation) to the NP surface alters catalytic activity.
31À33

RESULTS AND DISCUSSION
DzNP Synthesis and Catalysis. In a typical DzNP synthesis, we reduced 3 0 -thiol-modified oligonucleotides (50 μM), then mixed with gold nanoparticles suspended in phosphate buffered saline (pH 7.4) at a final DNA and particle concentration of 3 μM and 6 nM, respectively. The solution was then stabilized with sodium dodecyl sulfate and salted to 0.7 M NaCl over a period of 3 h with intermittent sonication (Supporting Methods). 34 The oligonucleotide density of the purified DzT 10 NPs, where T 10 refers to the thiolated poly T spacer linking the DNAzyme to the nanoparticle, was 160 ( 10 www.acsnano.org C oligonucleotides/particle based on a fluorescence DNA quantification kit (Invitrogen). To verify particle integrity, TEM and UVÀvis analysis were performed before and after particle functionalization and indicated that the particles remained dispersed following modification with DNAzymes ( Figure S1 ). The catalytic activity of these particles was determined by measuring the rate of hydrolysis of a diribonucleotide within a DNA substrate that was functionalized with a 5 0 6-fluorescein (FAM6) and a 3 0 black hole quencher (BHQ) ( Figure 1a and Table S1 ). This reaction rate was measured using a temperature-controlled fluorometer and reported as k obs using a fluorescence calibration curve for a 3 0 -FAM6-modified oligonucleotide standard. 21, 23 This is typical because the nanoparticle functions as an ensemble entity inside living cells. 21 For comparison, the individual enzyme subunits in DzNPs showed an activity of 0.0025 min À1 when assuming a 33% hybridization efficiency. 35 We also found that DzNPs are stable under these conditions, and particles that were used in catalysis reactions for 12 h only showed a 20% decrease in activity when they were reused the following day ( Figure S2 ). Importantly, these data confirm that the DzNPs are robust and retain catalytic activity despite the dense oligonucleotide environment on the nanoparticle. Role of Surface Density and Linker Chemistry on Catalysis. To systematically study the effect of surface packing density and steric crowding on the rate of catalysis, a series of DzNPs were synthesized using a binary mixture of two oligonucleotides that included a T 10 passivating sequence along with the DzT 10 . In this series, the total ssDNA concentration was kept constant while adjusting the molar concentrations of 3 0 -thiolmodified DzT 10 and T 10 . Because both oligonucleotides have the same T 10 spacer, the DNA composition of gold nanoparticles was expected to reflect that of the bulk solution. 35 The goal was to tune the average spacing between adjacent DNAzymes and consequently tune steric crowding. The total number of DNA molecules per particle was measured using a commercial fluorescence assay ( Figure 1c and Figure S3 ). 35 To further verify these measurements, DNA was released from the particle surface using dithiothreitol (DTT) and the DNAzyme concentration was determined by using the observed rate constant of substrate hydrolysis as compared to a calibration standard of soluble DNAzyme ( Figure S3 ). Figure 1d shows Figure S4a . We found that at lower enzyme packing densities (15À60 enzymes/particle) the activity of each particle shows a linear increase as a function of the number of DNAzymes per particle. However, particles with packing densities exceeding 60 DNAzymes per particle show saturation in activity. This trend suggests that steric packing limits the maximum activity of each DzNP assembly. As a corollary, this limit in maximum activity equates to each catalytic oligonucleotide requiring a footprint that is at least ∼11 nm 2 on the particle surface in order to achieve its maximum activity under these conditions. Given that the hybridization efficiency and gene regulation efficacy have been shown to be dependent on the chemical nature of the group anchoring an oligonucleotide to a gold nanoparticle, we decided to next investigate the catalytic properties of DzNPs modified with the following poly T and ethylene glycol phosphate linkers: T 10 , T 20 , T 10 N 40 , and ((EG) 6 PO 3 ) 3 (Table S1 ). The measured oligonucleotide density of fully packed particles was 148 ( 10, 137 ( 10, 80 ( 1, and 195 ( 2 oligonucleotides/particle for the T 10 , T 20 , T 10 N 40 , and ((EG) 6 PO 3 ) 3 linkers, respectively. The differences in packing densities were hypothesized to be due to a combination of steric crowding and interaction of the linker nucleobases with the gold surface. Given these DNA densities, we expected that longer linkers would generate DzNPs with increased catalytic efficiency, as this difference would be due to reduced steric inhibition for longer linkers. Surprisingly, no clear trend was observed between k obs and increasing linker length ( Figure S4b S4b and S5 ). The ethylene glycol phosphate ((EG) 6 PO 3 ) 3 linker generated the most densely packed particles (∼195 Dz molecules/ particle), and when these particles were compared to DzT 10 NP and DzT 20 NP, they showed a 56% increase in k obs ( Figures S4b and S5 ). Since polyethylene glycol linkers are known to minimize nonspecific adsorption on surfaces, 34, 36 the results suggest that chemisorption of DNAzyme active site nucleobases to the gold surface alters catalytic activity and may play a more significant role in tuning the catalytic activity of DzNPs. Role of DNAzyme Orientation on Catalytic Activity of DzNP. The role of nonspecific interactions in DzNP catalytic ARTICLE D activity was verified when we measured the rate of substrate hydrolysis using gold nanoparticles functionalized with DNAzymes anchored through a 5 0 thiol (Dz rev T 10 ) rather than the 3 0 terminus anchor. The DNA density on these particles was 180 ( 10 oligonucleotides/particle, but we found that their activity was nearly abolished (Figure 2b and Figure S6 ). Importantly, Dz rev T 10 NPs remained inactive even when their packing densities were reduced to 90 Dz/NP (∼50% packed) either with or without T 10 passivation ( Figure S7 ). Furthermore, when these particles are treated with mercaptoethanol, the DNAzyme surface density is decreased, but again, the activity of the Dz rev T 10 NPs remained suppressed ( Figure S8 ). When Dz rev T 10 NPs were treated with DTT in order to release the surface-bound DNA (Figure 2a) , the free DzT 10 fully recovered its activity, thus displaying a 3200% increase in catalytic activity (Figure 2b ). The drastic difference in activity between DzT 10 NP and Dz rev T 10 NP (900% difference) ( Figure S6 ) suggests that the catalytic core is asymmetric in its sensitivity to the supporting gold nanoparticle surface. 37 This observation agrees with systematic mutagenesis analysis studies on the 10-23 DNAzyme catalytic domain that has shown a high degree of sensitivity at many bases near the 5 0 terminus of the active site. 38 Therefore, DNAzyme orientation needs to be carefully examined in DzNP design, which should be a general consideration that is broadly relevant to other biological nanozymes.
Chemical or Light-Triggered Activation of DNAzymes. Photodynamic control of gene regulation agents, such as DNAzymes, is a highly desirable property, and various synthetic strategies have been employed to demonstrate this capability.
39À41 Because the gold nanoparticle was found to significantly inhibit the DNAzyme anchored through its 5 0 terminus, we thought that photoinduced DNA release would be a suitable proofof-concept to demonstrate a triggered catalytic function (Figure 2a) . We released Dz rev T 10 from the particle by irradiation with a 532 nm pulsed laser, which is known to selectively cleave the thiolÀgold bond at certain laser powers (Figure 2c ). 42 Importantly, this strategy offers significant advantages because it is synthetically facile and compatible with two-photon and visible irradiation, in contrast to the recently developed azo-benzene and caged-nucleotide based approaches that require excitation at UV wavelengths.
43,44
DzNPs Can Readily Enter Cells and Regulate Gene Expression. Having shown that properly designed DzNPs are catalytically active in buffer conditions, we next set out to investigate their activity under conditions that mimic the cellular environment by exposing the particles to nucleases and serum. To test DzNP resistance toward nucleases, the catalytic activity of free DzT 10 and DzT 10 NP was measured before and after incubation with a model nuclease, DNase I. Figure 3a shows that, after DNase I treatment (120 min), the soluble enzyme retained only 10% of its original activity, while the DzNPs retained 90% of its original activity. This result is in agreement with previous reports showing that polyvalent DNA-modified gold nanoparticles shield oligonucleotides from hydrolytic cleavage by DNases. 24 We also tested the activity of DzNPs that are exposed to 10% fetal bovine serum for 24 h and found the particles to remain active ( Figure S9 ). To determine whether DzNPs enter mammalian cells and catalytically regulate gene expression, we designed DzNPs with recognition arms specific toward the TGF-β related growth differentiation factor 15 (GDF15) mRNA sequence (Dz GDF15 NP, Table S1 ). 45 GDF15 was selected as a proof-of-concept due to its clinical association with disease progression and resistance to chemotherapy in breast, prostate, ovarian, and colorectal cancer, and its knockdown has been shown to inhibit proliferation.
46À48
Moreover, GDF15 is found to contribute, in part, to the development of resistance to the anti-HER2 therapeutic trastuzumab (Herceptin, Genetech, Inc.). 49 HER2 is overexpressed in approximately 20À30% of metastatic breast cancers, and trastuzumab is the first line of treatment for this subset of tumors. Acquired resistance to trastuzumab will typically develop in patients within one year of therapy. 50 Moreover, viral vectorbased knockdown of GDF15 has been shown to rescue some of the sensitivity to trastuzumab in breast cancer ARTICLE cell line models that acquire resistance. 49 These results provide the therapeutic rationale for targeting GDF15. The GDF15-specific DNAzyme included two 2 0 -Omethyl RNA bases that were incorporated within both the 5 0 and 3 0 termini, which is a common modification to reduce nuclease degradation in cell studies. 21 To distinguish between antisense and DNAzymecatalyzed hydrolysis mechanisms, we introduced a single base mutation in the DNAzyme catalytic core (G1 to A1) to generate catalytically inactive nanoparticles (i-Dz GDF15 NP, Table S1 ). 6, 38 Negative control particles (Dz NC NP) were also synthesized, and their DNA sequences included two randomized N8 arms flanking the 15-mer catalytic loop to control for off-target effects (Table S1 ). The oligonucleotide density was quantified in these three types of particles and found to be 200 ( 10, 230 ( 40, and 111 ( 10 DNAzymes per particle for i-Dz GDF15 NP, Dz GDF15 NP, and Dz NC NP, respectively. After confirming that DzNPs readily enter mammalian cells ( Figure S10 ), HCC1954 HER2-overexpressing breast cancer cells were treated with 5 nM of particles for 48 h, and then analyzed using real-time PCR to quantify GDF15 mRNA expression levels relative to the housekeeping gene RPLPO (component of the 60S ribosomal subunit). The dosage of 5 nM particles was selected since the 20 nM dose showed some toxicity under these conditions (results not shown). The average GDF15 expression levels relative to RPLPO are shown in Figure 3b and are reported as relative GDF15 copy number (2ΔC t ). The error represents the standard error of the mean (SEM) and was calculated from three independent experiments, where each experiment generally consisted of three wells and the PCR expression level within each well was measured three times. ANOVA statistical analysis was performed on the data and indicates that the enzymatic nanoparticles, Dz GDF15 NP, reduce GDF15 expression by ∼57% relative to negative control particles with a p value less than 0.005, whereas i-Dz GDF15 NPs showed an average of ∼4% knockdown, similar to reported literature values for antisense oligonucleotides gold nanoparticles 21 but was within experimental error of Dz NC NPs. Since both types of DNA-modified nanoparticles are complementary to the GDF15 mRNA, they are expected to reduce GDF15 expression levels through a common antisense mechanism, and the difference in the activity between active and inactive nanoparticles can be attributed to the contributions of the catalytic oligonucleotides. Optimized lentiviral shRNA-based knockdown of GDF15 in this cell lines has been reported to display a ∼50% reduction in GDF15 expression as measured by PCR, 49 which is comparable to the efficacy of 5 nM Dz GDF15 NPs.
CONCLUSION
We generated DNAzyme "10-23" NPs and determined some of the design parameters that control catalysis, such as loading density, linker length, linker composition, and DNAzyme orientation. These rules will guide the design of enzymatic DNA nanomaterials, thus providing a new direction in the growing field of DNAzyme-based therapeutics as new catalytic oligonucleotides are discovered. We demonstrate that DzNPs can knockdown GDF15 expression through a catalytic mechanism of action within cells in an RNA interference-independent pathway. Given that DNAzyme function is complementary to that of siRNAbased gene regulation, there is potential in a dual DzNP and siRNA-NP strategy and especially if one intends to target genes that regulate RISC function. The ability to incorporate DNAzyme-based computing, metal-ion and small-molecule sensing inside a cell will provide new opportunities in synthetic biology.
MATERIALS AND METHODS
Synthesis of Gold Nanoparticles. Citrate-stabilized gold nanoparticles (14 ( 1.6 nm) were prepared using published procedures. 51 A 500 mL solution of 1 mM hydrogen tetrachloroaurate(III) trihydrate solution was brought to a vigorous boil, and once boiling, 50 mL of a 38.8 mM sodium citrate tribasic dihydrate solution was added and allowed to reflux for 15 min. The reaction mixture was filtered using a 0.45 μm acetate filter, producing monodisperse AuNPs. The resonance wavelength of the gold nanoparticles was determined using UVÀvis spectrometry, and particle size was determined using transmission electron microscopy (TEM). 
F
Preparation of Deoxyribozyme-Functionalized Gold Nanoparticles. Disulfide-modified oligonucleotides at either the 5 0 or 3 0 end were purchased from Integrated DNA Technologies (IDT). The disulfide was reduced to a free thiol by incubating 35 nmols of lyophilized oligonucleotide with 700 μL of disulfide cleavage buffer (0.1 M dithiothreitol (DTT), 170 mM phosphate buffer at pH 8.0) for 3 h at room temperature. The reduced oligonucleotides were purified using a NAP-25 column (GE Healthcare, Piscataway, NJ) with Nanopure water as the eluent. Subsequently, 30 nmol of DNA was added to 7.5 mL of 14 nm gold nanoparticles (10 nM), bringing the final concentration of oligonucleotide and gold nanoparticles to ∼3.2 μM and ∼7.3 nM, respectively. The pH of the solution was adjusted to pH 7.4 by adding 93.8 μL of 100 mM phosphate buffer, thus bringing the phosphate buffer concentration to 9 mM. The particles were stabilized by adding sodium dodecyl sulfate (SDS) to the solution and bringing its final concentration to 0.1% (g/mL) by using a stock solution of 10% SDS. The particles were successively salted with eight NaCl additions that were spaced 20 min apart using a stock solution of 2.0 M NaCl and 10 mM phosphate buffer. The final NaCl concentration of the DNAÀAuNP solution was increased to 0.7 M. The first two NaCl additions increased the concentration by 0.05 M increments, while the remaining six NaCl additions increased the NaCl concentration by 0.1 M increments. The particles were immediately sonicated for 10 s after each salt addition to maximize DNA packing, as indicated in literature protocols. 34 The fully salted particles were then incubated overnight, in the dark and at room temperature. We found that the 10-23 active catalytic core of the DNAzyme had a tendency to drive the formation of nanoparticle aggregates at 0.7 M NaCl due to partial selfcomplementarity of sequences. The formation of these aggregates did not result in any observable reduction in the quality of the particles (as measured by UVÀvis, TEM, catalysis, DNA density). The following day, the particles were centrifuged four times, reconstituted in Nanopure water each time, and stored at 4°C for future use for a maximum duration of 1 month.
TEM Imaging of DzNPs. Transmission electron microscopy samples were prepared by pipetting an 8 nM gold nanoparticle solution onto a TEM grid. TEM was conducted on a JEOL JEM-1210 transmission electron microscope. The mean nanoparticle diameter was used to obtain the extinction coefficient, and particle concentrations were subsequently determined using a NanoDrop 2000C spectrophotometer.
Calculation of the Number of Deoxyribozyme Molecules per AuNP. The commercial Quant-iT OliGreen ssDNA kit or measuring the rate of hydrolysis of a quenched substrate by released DNAzyme was used to determine the total DNA or DNAzyme density per particle. Both methods yield comparable oligonucleotide concentration values. The Quant-iT OliGreen ssDNA kit required preparing a calibration curve by diluting a DNA stock solution (4 μg/mL) composed of the same thiolated oligonucleotides that were used during particle functionalization to 0.1, 0.2, 0.5, 0.75, 1, and 2 μg/mL and a final volume of 100 μL in TE buffer. DzNP solutions were prepared by diluting an 8 nM stock solution to 0.4, 0.6, and 0.8 nM with TE buffer. The Dz oligonucleotides were released from the particle through oxidizing/dissolving the gold with potassium cyanide (KCN) by adding 1 μL of a 5 M stock solution of KCN to each well, including the calibration wells to be consistent. The solutions were incubated with KCN for 30 min to ensure complete dissolution. After complete dissolution of the gold nanoparticles, 100 μL of the freshly prepared 1Â Quant-iT OliGreen solution was added to each well and fluorescence intensities (485/528 nm excitation/emission) of each well were then measured using a Bio-Tek Synergy HT plate reader to determine the total DNA density. The DNAzyme density was calculated assuming that the DNA ratio on the particle was the same as that in solution during the functionalization process. To confirm the oligonucleotide density per AuNP values that were measured using the Quant-iT assay, DNAzyme concentrations were determined by using the observed rate constant of substrate hydrolysis as compared to a calibration standard of soluble DNAzyme. Oligonucleotides were released from the particle surface by incubating 1 nM DzNP solutions with 100 mM DTT for 5 h. After incubation, catalysis buffer was added (20 mM Tris, pH 7.4, 300 mM NaCl, and 10 mM MgCl 2 ) along with 1 μM substrate, and initial rates of catalysis were measured (as described below). The initial rates were compared to a calibration curve of free DNAzyme activity that was measured under identical reaction conditions.
Measurement of DzNP Activity. DNAzyme catalytic activity was determined by measuring the fluorescence intensity as a function of time, which indicated the rate of hydrolysis of a DNA/ RNA chimera substrate that was functionalized with a 5 0 6-fluorescein (FAM6) and a 3 0 black hole quencher (BHQ). Fluorescence was measured using a temperature-controlled Bio-Tek Synergy HT plate reader. All experiments were conducted under the same reaction conditions unless otherwise stated: 25°C, 4.2 nM Dz or DzNP, 1 μM substrate, 20 mM Tris, pH 7.4, 300 mM NaCl, and 10 mM MgCl 2 . The rate constant of product formation was quantified in units of mol min À1 by using a fluorescence calibration curve for a 3 0 -FAM6-modified oligonucleotide standard that included 4.2 nM DNA-modified AuNPs to account for the strong NP absorbance at λ = 520 nm (Calibration Probe, Table S1 ). The initial rate of the reaction was determined from the initial slope of the plot (t < 80 min). During catalysis, it was observed that, only in the presence of both substrate and 10 mM Mg 2þ , DzNPs formed aggregates that settled to the bottom of the reaction vessel. We believe that this is due to a non-cross-linking DNA hybridization aggregation phenomenon, which was reported previously. 52 To verify that these aggregates are the catalytic entity responsible for catalysis, the reaction solution was exchanged and catalysis was subsequently measured. Very little change in rates was observed, indicating that DNAzymeÀgold nanoparticle conjugates remain anchored to the gold nanoparticle surface ( Figure S3) .
Determination of Nuclease Resistance. DNase I was acquired from New England BioLabs, Inc. and used as indicated by the manufacturer. DNase I was incubated with 1.9 μM DzT 10 and 10.4 nM DzT 10 NP (DzT 10 = 1.9 μM) at a DNase I concentration of 2.5 units/mL in 1Â DNase I reaction buffer (10 mM Tris-HCl, pH 7.6, 2.5 mM MgCl 2 , and 0.5 mM CaCl 2 ) with a final volume of 40 μL at 37°C for 2 h. Afterward, DNase I was inactivated by heating to 75°C for 10 min. Tris (pH 7.4), NaCl, substrate, and MgCl 2 were then added, thus bringing the total volume to 150 μL and replicating the standard reaction conditions (except [DzT 10 ] = 500 nM). Retention of activity was measured by normalizing the enzymatic activity to the DNAzyme activities prior to addition of DNase I under identical conditions.
Cell Culture and DzNP Gene Knockdown. HCC1954 (CRL 2338) cells were obtained from ATCC and were maintained in RPMI supplemented with 10% FBS and 1% penicillin-streptomycin in standard culture conditions (37°C, 5% CO 2 ). Cells were seeded in a 12-well plate at a concentration of 30 000 cells/well and were allowed to adhere overnight under standard cell culture conditions. Nanoparticles were sterilized by filtering through a 0.2 μm filter prior to addition to the cell media. To achieve the desired nanoparticle concentration, the filtered particles were centrifuged at high speed (13 200 rpm) for 40 min and then resuspended in a known volume of complete RPMI medium. Five nanomolar DzÀgold nanoparticle solution was allowed to incubate with the cells for 48 h. The medium containing particles was subsequently removed, and the cells were gently washed with PBS. This procedure was repeated twice to remove any potential remaining residual traces of nanoparticles. Total RNA was then isolated using an RNA isolation kit (Sigma, Cat.# RTN-70) and used following the manufacturer's instructions. A total of 48 ng of RNA was used to synthesize cDNA using the Qiagen Sensiscript cDNA synthesis kit (Cat #205213). Real-time PCR was performed using Taqman gene expression primers for GDF15 (Cat.# Hs00171132_m1) and housekeeping gene, RPLPO (Cat.# 433761-1006022) from Applied Biosystems. The data were analyzed using the ΔC t method and reported as such.
Chemical Activation of DNAzyme Catalytic Activity (Thiol Displacement). A 1 M stock solution of DTT was freshly prepared for each experiment prior to DTT release of DNAzymes from the AuNP. DzNPs were diluted in a 96-well plate to 4.7 nM in reaction buffer (not including substrate). DTT was subsequently added, bringing the final DTT concentration to 100 mM. The particles were incubated in this solution for 12 h. The substrate was added the following day in ARTICLE www.acsnano.org G order to initiate catalysis. Note that the final DzNP concentration was 4.2 nM which matched the standard catalysis conditions described above.
Photothermal Activation of DNAzyme Catalytic Activity. A 100 μL aliquot of DzNPs at a 2 nM concentration was added to a glassbottom 96-well SensoPlate (Greiner Bio-One) (O.D. = 0.32). The samples were then irradiated by a frequency-doubled Q-switched Nd:YAG laser (Spectra-Physics) operating at 532 nm with a pulse width of 10 ns and a repetition rate of 10 Hz for 0, 5, 10, 20, and 40 min. The power density was determined using a power meter (Melles Griot) by measuring the power of the unattenuated beam, then attenuating the beam to 50% power using an iris where the beam diameter is approximately equal to the diameter of the iris at half-maximum power. This power density was determined to be 125 mW/cm 2 . The optical density of the samples was inferred from the well plate fill level (i.e., path length) and relative nanoparticle concentrations with known extinction coefficients at 532 nm (3.464 Â 10 8 cm À1 M
À1
) at approximately 0.32 O.D., which ensured uniform sample irradiation. After illumination, the activity of the released DNAzyme was measured by adding 1 μM substrate and reaction buffer (20 mM Tris, pH 7.4, 300 mM NaCl, and 10 mM MgCl 2 ) and measuring the initial rate of substrate hydrolysis.
Mercaptoethanol (ME) Passivation of DzNPs. DzT 10 NP and Dz rev T 10 NP (6 nM) were passivated with ME (12 mM) for 5 and 15 min, respectively, in Nanopure water. After incubation, the particles were washed six times by centrifuging the particles for 10 min at 13 500 rpm into pellets, decanting the supernatant, and resuspending in Nanopure water. The DNAzyme surface density was measured as described above (DNA density assay). Catalysis was measured at the following reaction conditions: 25°C, 0.75 nM DzNP, 1 μM substrate, 20 mM CHES, pH 8.6, 150 mM NaCl, and 50 mM MgCl 2 .
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